Abstract The effects of seasonality and dilution stress on the functioning of Rambla Salada, a hypersaline Mediterranean stream in SE Spain, were evaluated. The stream is subject to diffuse freshwater inputs from the drainage of intensively irrigated agriculture in the catchment and periodic losses of water through an irrigation channel. Metabolic rates and the biomass of primary producers and consumers were estimated over a 2-year period. During the first year several dilution events occurred, while during the second year the salinity recovery reached predisturbance levels. Functional indicators were compared in the disturbance and recovery salinity periods. Primary production and respiration rates in the Rambla Salada ranged between 0.07-21.05 and 0.19-17.39 g O 2 m -2 day -1 , respectively. The mean values for these variables were 7.35 and 5.48 g O 2 m -2 day -1 , respectively. Mean net daily metabolism rate was 1.87 ± 0.52 g O 2 m -2 day -1 and mean production/respiration ratio was 2.48 ± 1.1, reflecting autotrophic metabolism. The metabolic rates showed the typical seasonal pattern of Mediterranean open canopy streams. Therefore, gross primary production (GPP) and ecosystem respiration (ER) registered maximum values in summer, intermediate values in spring and autumn and minimum values in winter. The metabolic rates and biomass of consumers were greater in the disturbance period than in the recovery period. However, they did not show significant differences between periods due to their important dependence on seasonal cycle. Seasonality accounted for much of the temporal variability in GPP and ER (76% and 83% in the multiregression models, respectively). Light availability seems to be the most important factor for GPP and ER in the Rambla Salada. Autotrophic biomass responded more to variations in discharge and conductivity than to seasonal variations. In fact, it was severely affected by freshwater inputs after which the epipelic biomass decreased significantly and Cladophora glomerata proliferated rapidly. Epipelic algal biomass was the most sensitive parameter to dilution disturbance.
Introduction
During last years, the interest in ecosystem health has been growing. Evaluating ecosystem health implies integrating human values with biophysical processes (Rapport et al., 1998) . Thus, a healthy ecosystem is defined as being stable and sustainable, maintaining its organisation and autonomy over time and its resilience to stress (Costanza, 1992) . Traditionally, physicochemical and biological parameters of community structure have been used to assess stream health. Recently, functional indicators of ecosystem processes (metabolic rates, organic matter decomposition, nutrient processes, etc.) have received more attention and are now considered fundamental to determine the health of stream and river ecosystems (Bunn et al., 1999; Bunn & Davies, 2000; Gessner & Chauvet, 2002; Young et al., 2004; Udy et al., 2006) Ecosystem metabolism, the combination of primary production (gross primary production, GPP) and ecosystem respiration (ER), provides a measure of the amount of organic carbon produced and consumed within the system, respectively. Both rates often show seasonal patterns as a consequence of their dependence on environmental factors (light, temperature, nutrients) but are also highly sensitive to many human-induced environmental stressors making them good stream health indicators (Gessner & Chauvet, 2002; Young et al., 2004) .
Mediterranean streams exhibit a wide range of natural and anthropogenic disturbance that can affect instream processes. Streams in Mediterranean climate regions are influenced by a sequence of regular and often extreme flooding and drying (Gasith & Resh, 1999) . These hydrological extremes have great influence on the dynamics of metabolic rates (Acuña et al., 2004 (Acuña et al., , 2005 . On the other hand, intensive agriculture and industrial and urban sewage are the main human stressors in the Mediterranean region that increase nutrient concentrations in the streams stimulating both primary production and ER . Some Mediterranean streams in arid and semiarid areas are natural saline systems due to presence of evaporites in the basin. During last decades, changes in agricultural practices, such as the expansion of irrigated agriculture in the watersheds, are the main cause of salinity reduction in saline streams.
Several studies have determined the factors controlling metabolic rates in Mediterranean streams (Mollá et al., 1994; Mollá et al., 1996; Velasco et al., 2003; Acuña et al., 2004 Acuña et al., , 2005 , but the effects of salinity on stream functioning have not been studied.
Saline streams in semiarid zones are characterised by high light availability because of the absence of riparian vegetation. In such cases, temperature is a good predictor of GPP and ER, although flood disturbance has a considerable influence on the biomass and production of primary producers (Velasco et al., 2003) . These systems have autotrophic metabolism throughout the year, with high primary production rates that, in turn, support high secondary production rates (Perán et al., 1999; Barahona et al., 2005) . Freshwater inputs (agricultural drainage, diversion channel losses) lower salinity of saline streams, affecting natural physicochemical conditions and the composition and structure of the biological community. Thus, a change from the domination of epipelic algae towards the domination of filamentous algae and a noticeable increase in the richness of macroinvertebrate taxa has been observed to accompany decreasing salinity (Velasco et al., 2006) .
The aim of this study was to describe the effect of a drop in salinity on the metabolism and on the biomass of primary producers and consumers of a hypersaline stream and to outline seasonal and anthropogenic changes. Our hypothesis was that decreasing salinity reduces salt stress, increasing the biomass of primary producers (especially filamentous algae) and the biomass of consumers, leading to an increase in GPP and ER rates.
Methods

Study area
The Rambla Salada is a Mediterranean hypersaline stream located in the sedimentary Fortuna basin, which belongs to the Segura River basin in the most arid area of the province of Murcia on the southeast of the Iberian Peninsula (Fig. 1) . The climate is characterised by mean annual precipitation below 300 mm (mainly concentrated in spring and autumn) and a mean annual temperature of 18°C, with long warm, dry summers and mild winters.
Its 44.7 km 2 catchment is drained by a permanent main channel and short ephemeral tributaries that flow only during rainy periods. The main 11.6-km long channel is a third-order stream with intermittent flow at its head. The natural cover is open Mediterranean scrub, although much of the area is dedicated to citrus and horticultural crops (intensive agriculture).
The high salinity of the Rambla Salada is principally due to Miocene gypsiferous marls and the ionic composition of the water is dominated by Na ? and Cl -ions, followed by SO 4 2-and Ca 2? (Ramírez-Díaz et al., 1995) .
Since the 1980s the basin's land uses have changed because of the increasing availability of water resources provided by the Tagus-Segura river diversion, which has increased agricultural activity. Indeed, both agricultural drainage water and diversion channel losses have lead to a fall in salinity from mean values close to 100 g l -1 (Vidal-Abarca, 1985) to a mean of 35.5 g l -1 . During this study, the diversion channel that crosses the stream was emptied for repairs in October 2003 adding substantial freshwater to the stream. During this time the stream reached the lowest salinity ever recorded.
Sampling and processing of the samples
In this contribution, we describe the dynamics of metabolic rates and algal and macroinvertebrate biomass over 2 years that included two periods: the first was disturbed by large inputs of freshwater The study was carried out in the middle section of the stream, close to an abandoned salt works (latitude 38°7 0 28 00 N, longitude 1°6 0 46 00 W). Pools and runs constitute the principal aquatic habitats in the reach. Shallow pools (B60 cm), which occupy more than 80% of the channel surface, are characterised by large deposits of silt covered by a biofilm composed by diatoms and cyanobacteria. Runs (\10 cm deep and maximum water velocity of 0.37 m s -1 ) are dominated by gravel and sand. This habitat was principally covered by the filamentous algae Cladophora glomerata.
Stream metabolism rates were measured using an open-system, single-station approach (Odum, 1956 ). On each date, water temperature and dissolved oxygen were measured in situ at 15-min intervals over 24 h using a multiparameter recorder (WTW, MultiLine P4). Reaeration coefficient (K S ) and ER were calculated following the night-time regression method (Thyssen & Kelly, 1985) using River Metabolism Estimator v. 1.2, an MS Excel spreadsheet available at http://www.cawthron.org.nz (Young & Knight, 2005) that also estimates GPP, net daily metabolism (NDM) Fig. 1 Geographic location of the study area in Rambla Salada stream and main courses of its catchment Hydrobiologia (2009) 619:119-132 121 and production/respiration ratio (P/R). In this method the reaeration coefficient is obtained from the slope of the linear regression between the night-time rates of change of stream dissolved oxygen versus the saturation deficit. Thus, low diel differences in oxygen saturation reduce linearity of this relation constraining the accuracy of the metabolic rates measures. Low diel differences could be produced by diurnal cloudiness or due to naturally very low gross primary production. Precipitation for the 10-day preceding sampling and radiation on each date were obtained from a regional climatic data base (SIAM, 2008) . Conductivity was measured in the morning with an ECmeter (TetraConR 325) that automatically calculates salinity. Discharge was estimated from measurements of depth and current velocity along a cross-section of the run.
In the run, three water samples were taken to measure suspended solids, chlorophyll a and dissolved nutrients (ammonium, nitrate and nitrite concentrations). The samples were kept cool until their arrival to the laboratory, where they were filtered onto precombusted and preweighed GF/F glass-fibre filters. The filters were oven-dried at 60°C to constant dry weight (DW) and then combusted at 450°C for 4 h to estimate total suspended solids and suspended particulate organic matter. Chlorophyll a concentration was determined by spectrophotometry, following extraction in 90% acetone. Ammonium (NH 4 -N) was converted to ammonia by adding 10 M NaOH solution and measured with an ammonia electrode connected to a pH/mV meter. The rest of the dissolved inorganic nutrients were determined according to standard methods (APHA, 2002) : nitrate by the cadmium reduction method and nitrite by sulphanylic acid colorimetry.
Five benthic organic matter samples of sediments per habitat (pools/runs) were collected using cores of 5.3 cm diameter and 24.5 cm length. Sediment samples were dried at 60°C to constant DW and then combusted at 450°C for 4 h to estimate the content of ash free dry weight (AFDW). The biomass of primary producers was estimated from 10 replicate samples (5 for each habitat) using similar cores as for sediments. For epipelic algae, we used a minicore of 2 cm diameter and 2 cm length. Samples were stored on ice and frozen until processing. Sixty milligrams of fresh macrophyte were taken from each sample to determine chlorophyll a concentration (Chl a) by spectrophotometry, following extraction in acetone. The rest of the macrophyte was dried at 60°C to constant DW. Epipelic samples were filtered onto Whatman A filters to determine chlorophyll a concentration and AFDW. The biomass of each primary producer in the studied reach was estimated by multiplying cover percentage (visually estimated) by content of chlorophyll a per area.
In both habitats, benthic macroinvertebrates were collected from the bottom using a 0.014-m 2 core. Substrate was stirred by hand and a 250-lm mesh sieve was passed across the bottom and through the water column until no individuals were found. Five replicate cores per habitat were taken randomly on each sampling date and preserved and stored in 75% ethanol. In the laboratory, macroinvertebrates were identified, counted and measured (body length). In addition, macroinvertebrates were classified as primary consumers (larvae from the families Chironomidae, Baetidae, Dolichopodidae, Hydrobiidae, Simuliidae, Stratiomyidae and adults from the genus Berosus spp., Enochrus spp. and Ochthebius spp.) and secondary consumers (larvae of the families Aeshnidae, Ceratopogonidae, Ephydridae and the genus Berosus spp., Enochrus spp. and all the individuals of the genus Nebrioporus spp. and Sigara spp.). The mean density of each taxon was multiplied by the relative habitat area in order to obtain reach macroinvertebrate abundance. Benthic macroinvertebrate biomass was obtained from length-mass equations available for the same or nearest taxon from saline streams (Moreno, 2002; Barahona et al., 2005) or from the general equations for macroinvertebrate families (Smock, 1980; Benke et al., 1999) . Macroinvertebrate biomass was calculated for primary, secondary and total consumers.
Data analyses
To characterise and summarise the environmental variations occurring during the study period, a principal components analysis (PCA) was performed using climatic and physicochemical data. Data were transformed to normalise distribution and equalise variance and were standardised before being included in this analysis to avoid distortions due to the effect of different transformations and magnitudes. The meaning of each axis was interpreted on the basis of Pearson coefficient between PCA axes scores and environmental variables. Ordination analysis was carried out using PRIMER 6.0 (Clarke & Warwick, 1994) .
The correlation between variables (including the two first PCA axes) was studied through Pearson coefficients. To compare periods T-tests were performed for each study variable.
Finally, PCA axes 1 and 2, that condense abiotic variables, were used as independent variables in multiple linear regression models to assess the contribution of seasonality and dilution perturbation to the variation of functional variables. We used a P \ 0.05 as criterion for inclusion into the model. In addition, an analysis of collinearity was performed for all the variables included in the regression model and the autocorrelation residuals were studied, using a Durbin-Watson test. When multiple regression residuals showed first-order autocorrelation or the Durbin-Watson test value was less than 1.5 or greater than 2.5, a Prais-Winsten autoregression analysis was applied. This analysis was conducted in SPSS 13.0 program (SPSS, 2004) .
NDM, P/R and Enteromorpha intestinalis biomass were removed from analyses due to neither transformation was able to normalise their distribution.
Results
Physicochemical changes
The disturbance period was characterised by a salinity drop due to upstream freshwater inputs from losses in the Tagus-Segura diversion channel (Fig. 2) . The lowest conductivity (6.4 mS cm -1 ) and highest discharge (235.8 l s -1 ) were recorded in October 2003, when the diversion channel was emptied to be repaired. After the repairs had been completed, conductivity increased, reaching the highest value in October 2004 (99 mS cm -1 ). Both periods had similar temperature and radiation conditions, although precipitation was higher in the disturbance period due to maximum precipitation registered in December 2003 (Table 1) . Discharge and precipitation were not correlated. Maximum water temperatures were registered in both periods in July (around 35°C), whereas the lowest temperatures were found in December 2003 and January 2005 (10.7 and 5.2°C, respectively). Besides significant differences in discharge and conductivity between periods, levels of oxygen saturation and NO 2 -N and NH 4 -N concentration were significantly lower in the disturbance period than in the recovery period (Table 1) .
Results of the PCA analysis are displayed in Fig. 3 and Table 2 . The first axis explained 32.0% of the variation in environmental conditions, and it was closely related to seasonal variables. This axis was negatively correlated with precipitation, suspended organic matter and total suspended solids and positively with radiation and temperature ( Table 2 ). The second axis accounted for 30.6% of the variation and can be interpreted as a descriptor of dilution disturbance. This axis was positively correlated with discharge and negatively with conductivity, nitrite, ammonium and oxygen saturation (Table 2) . Autotrophic biomass
The disturbance period showed higher primary biomass values, mainly due to the abundance of C. glomerata followed from Ruppia maritima, than in the recovery period (Fig. 4a, Table 3 ), although differences were not significant, except for epipelic algae, which were significantly higher in the recovery period than in the disturbance period (Fig. 4a , Table 3 ). Epipelic algal biomass was positively correlated with conductivity, nitrates and ammonium and negatively with discharge and PCA axis 2 (Table 4) . Cladophora glomerata biomass reached maximum values in April 2003 and October 2003 but was absent or showed low levels in the recovery period. C. glomerata biomass was positively correlated with discharge and the second PCA axis and negatively with conductivity and TSS (Table 4 ). This filamentous alga was the principal contributor to total autotrophic biomass (Fig. 4a) . Ruppia maritima occurred on all the dates with the exception of April 2003 and January 2005 and had a maximum of biomass in October 2003. This macrophyte was negatively correlated with ammonium and epipelic algae biomass (Table 4) . Enteromorpha intestinalis biomass was scarce during the study with a maximum in October 2003.
Consumer biomass
Total consumer biomass was strongly influenced by climate conditions, showing a positive correlation with temperature and radiation and negative correlation with precipitation (Table 4) reaching, in both periods, the maximum biomass in summer (Fig. 4b) . Primary, secondary and total consumer biomasses were positively correlated with the first PCA axis (Table 4 ). In addition, primary consumer biomass Fig. 4 Variation of autotrophic (Cladophora glomerata, Ruppia maritima and epipelic algae) (a) and consumers (primary and secondary) biomass (b) was positively correlated with radiation. Although the higher consumer biomass values were reached in the disturbance period, no significant differences were observed between periods (Table 3) .
Dissolved oxygen patterns and metabolic rates
Dissolved oxygen concentrations showed a typical daily pattern, with maximum values during mid-day hours and low values at night (example for a typical early spring day, Fig. 5a ). Strong daily changes occurred, values ranging from super-saturation during the day to under-saturation at night due to high respiration rates and reaeration coefficients. In some cases, such as April 2003, cloudiness decreased light availability at mid-day and deviations from the typical daily pattern were observed (Fig. 5b) affecting measures of production rate and NDM. GPP and ER rates showed a clear seasonal pattern in both periods, with highest values in summer, followed by late spring and early autumn dates and lowest values in winter (Fig. 6) -2 day -1 , respectively). GPP and ER were highly correlated (r = 0.89, P B 0.01), in addition, both rates showed a positive correlation with total radiation and temperature and negative with SOM. Moreover, GPP and ER were positively correlated with the first PCA axis (Table 4) . Respiration rate was correlated positively with primary, secondary and total consumer biomass (r = 0.74, P B 0.05; r = 0.65, P B 0.05 and r = 0.66, P B 0.05, respectively), while GPP was only positively correlated with primary consumer biomass (r = 0.67, P B 0.05).
The mean GPP and ER rates were greater in the disturbance period (8.27 ± 3.54 and 7.05 ± 2.85 g O 2 m -2 day -1 , respectively) than in the recovery period (6.43 ± 0.84 and 3.91 ± 1.26 g O 2 m -2 day -1 , respectively), although these differences were not statistically significant (Table 3) .
Rambla Salada had positive values of NDM and P/R [1, except in April 2003 and December 2003, when respiration exceeded production (Fig. 6) .
Contribution of seasonality and salinity drop to the variation of functional variables GPP and ER linear multiregression models had Durbin-Watson test values far from 2, implying some degree of residuals autocorrelation. Therefore, autoregression models were performed for GPP and ER to correct autocorrelation. GPP and ER were predicted by first PCA axis (seasonal variation) in the autoregression model, accounting for 76% and 83% of their variation, respectively. Primary, secondary and total consumer biomasses were closely related with first PCA axis that accounted for 45%, 56% and 59% of their variation, respectively. However, the second PCA axis (salinity drop) was the best predictor of C. glomerata (33% variability) and epipelic algal biomass (54% variability).
Discussion
An important topic in bioassessment is to distinguish between the effect of natural and anthropogenic stress on ecosystem structure or functioning (Linke et al., 1999; Sheldon, 2005; Bonada et al., 2006) . To achieve this objective, it is essential to choose a suitable set of ecosystem health indicators (Bonada et al., 2006; Fellows et al., 2006) . In this study, seasonality and dilution disturbance affected metabolism, although seasonal changes accounted for much of the temporal variability in GPP and ER (76% and 83%, respectively).
Seasonal variation of metabolic rates
Light is the ultimate energy source for primary producers and temperature is an important regulator of metabolic processes. Both factors are subjected to strong seasonal variations in Mediterranean streams and are the most important factors governing metabolic processes, although the pattern of variation depends on riparian vegetation cover, which determines light availability. In open canopy streams, maximum values of GPP and ER occur in summer and spring when temperature and radiation are high (Velasco et al., 2003) . However, in closed canopy streams, GPP is maximum in early spring when light incidence on the stream surface increases, while the maximum ER occurs in autumn when organic matter accumulations are highest (Acuña et al., 2004) . During the study, stream production predominated over stream consumption reflecting that Rambla Salada is an autotrophic ecosystem with a positive mean MDN and a mean P/R higher than 1. Other studies found the autochthonous production increased in importance when aridity avoided riparian vegetation development and environmental conditions allowed algal growth, relating autotrophy with aridity in Mediterranean streams (Gasith & Resh, 1999; Velasco et al., 2003) .
Primary production and respiration rates in Rambla Salada ranged from 0.07 to 21.05 and 0.19 to 17.39 g Table 4 Pearson coefficients calculated between functional and environmental variables and first and second PCA axes -2 day -1 , respectively. These values are closer to the results obtained for desert streams, but lower than the annual average registered in Chícamo (hyposaline Mediterranean stream) and Rattlesnake (cool desert stream) streams, the most productive streams reported (Table 5) . However, our values were higher than those obtained in temperate and Mediterranean freshwater streams with closed riparian canopies. Only the mean metabolic rates of a Swiss channelised stream with open canopy registered similar values (Uehlinger, 2006) .
In Rambla Salada, metabolic rates showed the typical seasonal pattern of Mediterranean open canopy streams. GPP and ER were correlated positively with radiation and mean water temperature, registering maximum values in summer, intermediate values in spring and autumn and minimum values in winter. GPP and ER were positively correlated, indicating the importance of instream energy sources on the ecosystem functioning. GPP was negatively related to suspended solids, probably because it controls light availability for primary producers. However, no relationship was found between GPP and primary producer biomass or nutrients.
Seasonality (summarised in the first PCA axis) accounted for much of the temporal variability in metabolic rates and total consumer biomass in Rambla Salada. Similar results were found in Chíca-mo stream, a hyposaline Mediterranean stream near the study stream, where around 70% of the GPP and ER variation was explained by air temperature, while suspended solid concentration was the only predictor of epilithon production and respiration (Velasco et al., 2003) .
Mediterranean streams are characterised by highly seasonal precipitation and discharge. Around 65-80% of annual rainfall is concentrated in a few storms that produce floods (Gasith & Resh, 1999) . These floods are very important for benthic primary producers in open streams in terms of habitat suitability, biomass and distribution (Biggs, 1996) . Floods reduce algal biomass and macroinvertebrate density, in addition to carrying high concentrations of suspended solids that reduce both primary production and ER (Acuña et al., 2004; Uehlinger, 2006; Roberts et al., 2007) . In Rambla Salada, the intense rains occurring in December 2003 produced a moderate flood that caused a strong reduction in GPP and ER rates (99% and 97%, respectively), helped by the low temperature and radiation.
Effects of salinity drop on stream functioning
Much of the variation in discharge during the study was due to anthropogenic causes (freshwater inputs from the diversion channel). The amount and the persistence of the freshwater inputs during the disturbance period produced highest discharge than rainfall events. In fact, no correlation was observed between precipitation and discharge. The disturbance period was characterised by higher discharge, a strong reduction in conductivity and lower NO 2 -N and NH 4 -N concentrations. A fall in salinity could change some aspects of stream functioning as might be expected. There were marked changes in the primary producer community: epipelic algae biomass decreased and C. glomerata proliferated rapidly. These changes could lead to higher primary production, supporting in turn, greater secondary production, as seen in the increase in macroinvertebrate biomass and ER. However, the intensity of the response of the functional indicators varied.
Metabolic rates did not respond clearly to dilution disturbance due to its close dependence of temperature and radiation. Although no significant differences were found for metabolic rates between periods, mean values were higher in dilution conditions as we hypothesised. The high inter-seasonal variability of the metabolic rates limited our capacity to detect clearly the effect of dilution on GPP and ER.
Changes observed in autotrophic biomass due to freshwater inputs were stronger than the changes observed in metabolic rates. Autotrophic biomass, especially epipelic algae biomass, responded more to variations in discharge or conductivity than to seasonal variations of temperature and radiation. Epipelic algae biomass was the most sensitive functional indicator of dilution disturbance, showing significant differences between periods. Disturbance PCA axis (axis 2) was the best predictor for epipelic algae biomass, with a negative slope. In contrast, biomass of C. glomerata increased when discharge was high and conductivity low. Thus, disturbance PCA axis was included in the regression model, with a positive slope, as the best predictor for C. glomerata biomass. Widgeon-grass biomass increased in the disturbance period favoured by low concentrations of ammonium and conductivity. These results are in concordance with other studies that have analysed the response of R. maritima to salinity. High concentrations of salts (over 40-50 g l -1 ) cause a marked physiological stress in R. maritima due to the greater amount of energy spent by osmoregulation mechanisms (Jagels & Barnabas, 1989; Murphy et al., 2003) , and its biomass may decrease until it disappears at salinity levels higher than 50 g l -1 (Velasco et al., 2006) . Furthermore, anaerobial sediments and water turbidity are factors that may negatively affect R. maritima (Kantrud, 1991) . The proliferation of these macrophytes is also associated with a major decline in water quality (Bunn et al., 1998 (Bunn et al., , 1999 .
Others studies related to desalinisation found changes in some features of stream community, such as those made by Busse et al. (1999) and Ziemann et al. (2001) in German streams after the cessation of salt-loaded effluents from the potash industry. They found marked shifts in composition and the structure of diatom assemblages, increasing species richness and a replacement of halobiontic species by oligohalobic-indifferent forms, besides the vigorous growth of C. glomerata and E. intestinalis. Furthermore, Gell et al. (2002) demonstrated the importance of salinity influence on the diatom community, and several conductivity-diatoms models have been developed for saline lakes to obtain quantitative estimates of past salinity.
In conclusion, the variation of metabolic rates and consumer biomass were related primarily to climatic conditions, while the variation of primary producer biomass was associated to changes in salinity and discharge. Our results suggest that epipelic biomass could be a good health indicator for saline streams but further research is needed to ensure this question.
